CRYPTOCHROME-mediated phototransduction by modulation of the potassium ion channel β-subunit redox sensor Edited by Michael W. Young, The Rockefeller University, New York, NY, and approved January 6, 2015 (received for review August 28, 2014) Blue light activation of the photoreceptor CRYPTOCHROME (CRY) evokes rapid depolarization and increased action potential firing in a subset of circadian and arousal neurons in Drosophila melanogaster. Here we show that acute arousal behavioral responses to blue light significantly differ in mutants lacking CRY, as well as mutants with disrupted opsin-based phototransduction. Lightactivated CRY couples to membrane depolarization via a well conserved redox sensor of the voltage-gated potassium (K + ) channel β-subunit (Kvβ) Hyperkinetic (Hk). The neuronal light response is almost completely absent in hk −/− mutants, but is functionally rescued by genetically targeted neuronal expression of WT Hk, but not by Hk point mutations that disable Hk redox sensor function. Multiple K + channel α-subunits that coassemble with Hk, including Shaker, Ether-a-go-go, and Ether-a-go-go-related gene, are ion conducting channels for CRY/Hk-coupled light response. Light activation of CRY is transduced to membrane depolarization, increased firing rate, and acute behavioral responses by the Kvβ subunit redox sensor.
phototransduction | potassium channel | redox | cryptochrome C RYPTOCHROME (CRY) is a photoreceptor that mediates rapid membrane depolarization and increased spontaneous action potential firing rate in response to blue light in arousal and circadian neurons in Drosophila melanogaster (1, 2) . CRY regulates circadian entrainment by targeting circadian clock proteins to proteasomal degradation in response to light (3) (4) (5) (6) . CRY is expressed in a small subset of central brain circadian, arousal, and photoreceptor neurons in D. melanogaster and other insects, including the large lateral ventral neuron (LNv; l-LNv) subset (1, 2, 7, 8) . The l-LNvs are light-activated arousal neurons (1, 2, (9) (10) (11) , whereas the small lateral ventral neurons (s-LNvs) are critical for circadian function (5, 12) . Previous results suggest that light activated arousal is likely attenuated in cry-null mutants. In addition to modulating light-activated firing rate, membrane excitability in the LNv neurons helps maintain circadian rhythms (9, 13, 14) , and LNv firing rate is circadian regulated (2, 16) .
Based on our previous work suggesting that l-LNv electrophysiological light response requires a flavin-specific redox reaction and modulation of membrane K + channels, we investigated the molecular mechanism for CRY phototransduction to determine how light-activated CRY is coupled to rapid membrane electrical changes. Sequence and structural data suggest that the cytoplasmic Kvβs are redox sensors based on a highly conserved aldo-keto-reductase domain (AKR) (17) (18) (19) (20) (21) . Although no functional role for redox sensing by Kvβ subunits has been established yet in vivo, studies with heterologously expressed WT and mutant Kvβ subunits show that they confer modulatory sensitivity to coexpressed K + channels in response to oxidizing and reducing chemical agents (22) (23) (24) . Mammals express six Kvβ genes, whereas Drosophila expresses a single Kvβ designated HYPERKINETIC (Hk) (18) . We find that the lightactivated redox reaction of the flavin adenine dinucleotide (FAD) chromophore in CRY has a distinct phototransduction mechanism that evokes membrane electrical responses via the Kvβ subunit Hk, which we show is a functional redox sensor in vivo.
Results
Acute Behavioral Responses to Blue Light Are Altered in CRY Mutants.
Mutants lacking CRY or opsin-based phototransduction exhibit defects in light entrainment (5) . Subsequent work on the LNv indicates that these neurons also mediate light-driven arousal behavior (9) (10) (11) . The CRY-dependent rapid electrophysiological response to blue light recorded in the LNv suggests that the loss of CRY attenuates acute behavioral arousal responses to blue light, but not to wavelengths beyond its absorbance cutoff above 530 nm (1) . The behavioral locomotor responses were compared with 460-nm blue vs. 595-nm orange 5-min LED light pulses given in the middle of the night at ZT18, ZT19, and ZT20 for three successive nights to control, cry −/− , and gl60j mutant flies (which lack all opsin-based external photoreceptors). The averaged behavioral actograms of control flies to blue light for two successive nights are shown (Fig. 1A) . We examined flies which were asleep, defined as inactive for at least 5 min, immediately before the light pulse for the percentage that awakened during the pulse. For control flies, a 5-min pulse of blue light woke 41 ± 3.7% of the sleeping flies; the numbers of cry −/− and gl60j mutant flies awakened were significantly lower (Fig. 1B) . We also scored the behavioral response of awake flies to light pulses. For awake Significance CRYPTOCHROMES (CRYs) are blue light photoreceptors that mediate phototransduction in brain arousal neurons, as well as circadian light entrainment in Drosophila fruit flies. We describe how light-activated Drosophila CRY couples to membrane depolarization and increased action potential firing rate in large ventral lateral arousal neurons. Pharmacological treatments that specifically disrupt the CRY redox-sensitive flavin chromophore or block voltage-gated K + channels abolish the light response. Correspondingly, we find that the Kvβ channel subunit Hyperkinetic with a well conserved redox sensor domain links light-evoked redox changes in CRY to rapid changes in membrane electrical potential. control flies, blue and orange light pulses in the middle of the night evoked twofold and threefold increases in locomotor activity relative to baseline activity in the dark (Fig. 1C) . In contrast, both cry
and gl60j mutant awake flies show significantly attenuated behavioral responses to nighttime blue light pulses (Fig. 1C) . CRY-and opsin-mediated phototransduction pathways contribute to the arousal behavioral response to nighttime blue light and mediate weaker responses to nighttime blue light when either component is absent. As expected, gl60j mutant awake flies do not behaviorally respond to nighttime orange light pulses (Fig. 1C) , whereas cry −/− mutant awake flies show significantly greater behavioral response to nighttime orange light pulses (Fig. 1C) .
The CRY-Mediated Electrophysiological Light Response Is Attenuated in Mutants Lacking the Kvβ Subunit Hyperkinetic. Acute pharmacological block of K + channel currents eliminates the CRYmediated l-LNv light response (1) . Acute block of the l-LNv light response by the flavin-specific redox inhibitor diphenyleneiodonium (DPI) requires light-activated reduction of CRY flavin (Fig. S1 ). As redox signaling appears to be important for the CRY light response, we tested light responses in l-LNv recordings of flies null for hyperkinetic (hk −/− ) Kvβ subunit (18) . Kvβ proteins are highly conserved members of the NADP+-depen dent AKR superfamily, but as yet are not linked to any known in vivo physiological function (17-21, 23, 24) . The l-LNv blue light response (firing frequency light on/light off) in hk −/− flies is significantly attenuated (Fig. 2 + channel subunits are widely expressed in the Drosophila nervous system and photoreceptors (25) . To test the contribution of Hk to the CRY-mediated light response in the 8-10 pair of LNv neurons, the electrophysiological light response was measured in neurons that express Hk RNAi and Dicer directed by the pdf-GAL4 promoter. Normal electrophysiological responses to blue, white, and orange light (firing frequency light on/light off) were measured in l-LNv whole-cell patch-clamp recordings by using the RNAi genetic background control genotype ( Fig. S2 A and C), but blue and white (but not orange) light responses are significantly reduced relative to controls in transgenic flies that express HkRNAi and DICER in the LNv (Fig. S2 B and C) . As an additional control, we tested the effects of LNv-directed ShabRNAi knockdown of the Kv2-family voltage-gated K + channel Shab subunit and found no effect on the light response recorded in l-LNv to blue, white, or orange light, which are all indistinguishable vs. RNAi controls (Fig. S2C) . The baseline l-LNv action potential firing rates recorded in the dark were calculated for each genotype, and none significantly differed from control ( Fig. S2C and Dataset S1). Thus, RNAi knockdown restricted to the LNv closely resembles the electrophysiological phenotype of loss of l-LNv response to blue and white light seen in hk −/− . ) relative to genetic WT control ( Fig. S3 A and B) . The averaged values of sleeping flies that wake in arousal response to blue and orange nighttime light pulses are shown for control (41 ± 4%, n = 40 blue; 32.6 ± 4%, n = 32 orange), cry −/− (26.3 ± 3%, n = 26 blue; 43.6 ± 3%, n = 17 orange), and gl60j (7.6 ± 1%, n = 14 blue; 7.1 ± 1%, n = 18 orange) mutant flies. Significantly fewer sleeping cry −/− flies wake in response to blue light pulses (P = 0.007), whereas the percentage of sleeping cry −/− flies that wake in response to orange light pulses does not differ from control (P = 0.09). Sleeping flies lacking all external opsin-based photoreceptors (gl60j mutants) show similar severe defects in their wake arousal responses to blue (P < 0.001) and orange (P = 0.001) light pulses. (C) The averaged normalized (pulse activity/ baseline activity) values of behavioral arousal locomotor responses of awake flies are shown for control (2.1 ± 0.1, n = 509 blue; 2.8 ± 0.3, n = 286 orange), cry −/− (1.2 ± 0.2, n = 173 blue; 4.4 ± 0.6, n = 79 orange), and gl60j (1.3 ± 0.3, n = 86 blue; 0.9 ± 0.2, n = 112 orange) flies. The arousal response to blue light pulses is significantly attenuated in awake cry −/− flies (P = 0.002), but these flies show a significantly higher arousal response to orange light pulses (P = 0.02).
In contrast, the arousal response to blue (P = 0.034) and orange (P = 0.003) light is significantly decreased in awake gl60j mutant flies. All data values and statistics are presented in detail in Dataset S1.
Acute treatment with the oxidizer H 2 O 2 abolishes response to blue light relative to vehicle control. Conditions that disrupt the cellular redox environment lead to increased spontaneous action potential firing in the absence of light thus occlude the l-LNv light response. Dark spontaneous firing frequency of l-LNv is significantly increased in sod1 −/− and sod2 −/− flies relative to genetic controls (Dataset S1). Dark spontaneous firing rate of l-LNv is significantly increased following acute H 2 O 2 treatment relative to vehicle controls in genetic WT control flies (Fig. S3 C,  D , and G and Dataset S1). Acute H 2 O 2 -induced increases in dark spontaneous firing rate of l-LNv are Hk dependent, as no significant increase in dark spontaneous firing rate of l-LNv is observed following acute H 2 O 2 treatment in hk −/− flies (which resemble vehicle controls for the hk −/− genotype and the genetic controls), but the dark spontaneous firing rate of l-LNv is significantly increased in flies with LNv-directed WT Hk expression in the hk −/− genetic background, which in turn resemble the H 2 O 2 response of WT controls (Fig. S3 E-G) . Thus, acute H 2 O 2 -induced increases in dark spontaneous firing rate of l-LNv are Hk dependent, demonstrating an in vivo role for Hk connecting cellular redox environment and membrane firing properties. Ion channels express motifs that confer modulation to signaling pathways (27, 28) or metabolic cues (29) . Structural analysis of fly and mammalian Kvβ proteins reveal that they are functional AKRs (17) (18) (19) (20) (21) , measured by using heterologous expression systems (22) (23) (24) . To determine whether the loss of the CRY-mediated l-LNv light response in hk −/− is a result of the loss of the redox sensor in this Kvβ subunit, we tested a matrix of genetic rescue experiments in the hk −/− genetic background by LNv-targeted expression of functional WT Hk or point mutants that disable the enzymatic activity of Kvβ without affecting protein expression levels (23, 24, 30) . Fig. 3A shows a structural model of the Kvβ subunit in blue, with the NADP cofactor depicted in yellow. Two highly conserved residues (31) near the NADP+ cofactor, D260 and K289, depicted in magenta, are critical for enzymatic activity of Kvβ (Fig. 3B) (23, 24) . We focused on these two sites because extensive previous work shows that mutations at these residues impair redox sensing without influencing protein expression or trafficking (23, 24, 30) . To confirm that the Drosophila Hk D260 and K289 mutations do not affect protein expression or trafficking, they were tested in a GFP-tagged K isoform of Hk, and they express at equivalent or higher levels relative to WT Hk with no discernible changes in cellular protein distribution (Fig. S4) . The l-LNv light response to blue light is cell-autonomously restored to levels indistinguishable from controls by WT Hk expression in the hk −/− genetic background (Fig. 3C) . In contrast, the l-LNv light response to blue light is not functionally rescued by expression of the D260N-Hk mutant (Fig. 3D) or the K289M-Hk mutant in the hk −/− genetic background (Fig. 3E) . The blue and white light response recorded in l-LNv neurons with LNv-targeted expression of WT Hk in the hk −/− genetic background is indistinguishable from the control light response, whereas similar LNv targeted expression of D260N-and K289M-Hk are significantly lower than the control light response and are indistinguishable from the severely attenuated light response seen in hk −/− (Fig.  3F, middle bars) . Control, hk −/− , and WT Hk, D260N-Hk, and K289M-Hk expressed in the LNv in the hk −/− genetic background all show no response to orange light (Fig. 3F) . The baseline l-LNv spontaneous firing rate recorded in the absence of light for control, hk −/− , and WT Hk, D260N-Hk, and K289M-Hk expressed in the hk −/− genetic background show no significant differences, indicating that the electrophysiological effects noted previously are specific for Cry-mediated light response ( Fig. 3G and Dataset S1).
The Ether-a-Go-Go Family K + Channels Underlie CRY-Mediated Membrane Depolarization and Increased Neuronal Firing Rate in Response to Light. Hk also coassembles with D. melanogaster EAG-family Kvα subunits (32, 33) . To determine whether EAGfamily Kvα subunits contribute to the l-LNv CRY-mediated light response, including membrane depolarization, we expressed the dominant-negative eag Δ932 transgene (eag-DN) (34) in the LNv driven by the pdf-GAL4 promoter. LNv-targeted expression of eag-DN eliminates blue and white light responses seen in controls (Fig. 4 A, B, and F) . Similar to the LNv targeted expression of eag-DN, no blue or white light responses are seen in l-LNv recordings prepared from eag genetic null mutants (eag amorphic; Fig. 4F ). In contrast, blue and white light responses recorded from the l-LNv of dslo-null mutant flies, a Ca-sensitive K channel that is not reported to interact with Hk but has been reported to be modulated by redox state (35, 36) , are indistinguishable from control (Fig. 4F) . No orange light responses were observed for all genotypes tested (Fig. 4F) .
As eag-DN expression could potentially disrupt the function of all three closely related members of the Drosophila melanogaster EAG family [EAG, EAG-related gene (ERG), and EAG-like K + channel gene (ELK)], we measured the blue and white light response following LNv-targeted expression of a single RNAi line for EAG and two independent RNAi lines each for ERG and ELK. Compared with the normal blue and white light responses seen in l-LNv recordings prepared from an RNAi control line (Fig. 4G) , significantly lower blue and white light responses are recorded following the LNv targeted expression of eag RNAi and both lines for erg RNAi (Fig. 4 C, D, and G) . In contrast, the blue and white light responses are indistinguishable from controls in l-LNv recordings following LNv targeted expression of both elk RNAi lines (Fig. 4 E and G) . No orange light responses were observed for all RNAi line genotypes tested (Fig. 4G) . Baseline l-LNv firing rate in the dark was measured for all genotypes tested and all were indistinguishable from control, except for the eag amorphic-null mutant, which exhibits a significantly higher baseline firing rate ( Fig. 4H and Dataset S1). Membrane depolarization response to blue light in the dslonull mutant is indistinguishable from control recordings (Fig. 4I) , but is significantly lower in neurons recorded from the eag amorphic-null mutant or following LNv-targeted expression of eag-DN (Fig. 4I) . Similarly, blue light-evoked l-LNv depolarization is significantly lower relative to control following LNv targeted expression of eag RNAi and two independent erg RNAi lines, but not two independent elk RNAi lines (Fig. 4I) . EAG-family channels regulate membrane resting potential and the action potential repolarization (37), whereas Shaker-type K + channels, which also coassemble with Hk, have very little effect on membrane resting potential, but regulate firing rate subject to rapid inactivation that contributes to cumulative inactivation (38) . Taken together, the results indicate that Hk-coassembled EAG and ERG (but not ELK) K + channels underlie CRYmediated light-evoked increased firing rate and depolarization.
Discussion
Acute behavioral arousal to blue light is significantly attenuated in CRY mutants. We identify a redox signaling couple between blue light-activated CRY and rapid membrane depolarization via the redox sensor of Kvβ channel subunits coassembled with Kvα channel subunits. Additional unknown factors may act as intermediates between CRY and Hk. This finding provides in vivo validation of a very longstanding hypothesis that the highly conserved redox sensor of Kvβ subunit functionally senses cellular redox events to physiological changes in membrane electrical potential. Genetic loss of any single component functionally disrupts the CRY-mediated blue light response, which is functionally rescued by LNv restricted expression of their WT genes in the null backgrounds. Although little is known about the structural contacts between Kvβ and EAG subunits, Kvβ subunits make extensive physical contacts in a fourfold symmetric fashion in 1:1 stoichiometry with the T1 assembly domain of other coassembled tetrameric Kvα subunits that form the complete functional channel (19) (20) (21) . Application of Kvβ redox chemical substrate modulates voltage-evoked channel peak current, steady-state current, and inactivation in heterologously expressed α-β channels, which are reversed by fresh NADPH (23, 24) . These results indicate that measurements of channel biophysical properties can reflect the redox enzymatic cycle of Kvβ as these channel modulatory effects are absent in preparations that lack the expression of WT Kvβ subunits or express redox sensor mutant Kvβ subunits (23, 24) . Whether direct chemical redox reactions occur between CRY and Hk is unclear. For CRY, light or chemical reduction induces one-electron reduction of the FAD cofactor of CRY (39) (40) (41) , whereas the reductive catalytic mechanism of AKRs (such as Hk) requires a hydride ion transferred from NADPH to a substrate carbonyl, then a solvent-donated proton reduces the substrate carbonyl to an alcohol (42) . These differences in redox chemistry between CRY and Hk suggest that other intermediates, such as oxygen, are possibly required for redox coupling.
Spectroscopic analysis of animal and plant CRYs suggest that light activation causes reduction of the FAD oxidized base state (39) (40) (41) 43) . Light activation of Drosophila CRY also evokes conformational changes in the C terminus of CRY that clearly promotes CRY C-terminal access to proteolytic degradation and subsequent interactions with the TIMELESS clock protein, thus signaling degradation and circadian entrainment (44) (45) (46) (47) . However, all existing evidence suggests that light activated CRY- (47) . Another recent study shows that light-or chemical-evoked reduction of Drosophila CRY FAD is coupled to conformational changes of the CRY C terminus (41) , along with reporting a surprising negative result that DPI has no effect on the reoxidation of the reduced anionic semiquinone of purified Drosophila CRY. DPI could hypothetically influence the electrophysiological light response by blocking the pentose phosphate pathway (48) which Fig. 4 . The Ether-a-go-go family K + channels underlie light evoked membrane depolarization and increased neuronal firing rate. Representative traces for control (A), eag-dominant negative (B), pdfGAL4-driven UAS-RNAi against eag (C), pdfGAL4-driven UAS-RNAi against erg (D), and pdfGAL4-driven UAS-RNAi against elk (E). Bar graphs (F) quantify firing frequency change for control flies in white light (1.26 ± 0.04, n = 19), which is not different from the response of dSlo flies (1.23 ± 0.03, n = 24, P > 0.05). Eag-dominant negative (1.06 ± 0.04, n = 18) and eag amorphic flies (1.08 ± 0.02, n = 13) are both different from control and dSlo (P < 0.05 in each case). In blue light, control (1.35 ± 0.08, n = 19) and dSlo (1.23 ± 0.03, n = 26) do not differ (P > 0.05). However, eag-DN (1.12 ± 0.01, n = 19) and eag amorphic (1.09 ± 0.03, n = 13) both differ from control and dSlo (P > 0.05 in each case). The responses to orange light do not differ. (G) The white light response for RNAi genotype-control flies is 1.25 ± 0.02 (n = 19). This is significantly different from the response of flies with pdfGAL4-driven RNAi against eag (1.08 ± 0.02, n = 16, P < 0.001), against erg line 1 (1.02 ± 0.02, n = 16, P < 0.001), and against erg line 2 (1.06 ± 0.02, n = 17). It is not different from the responses of the two elk RNAi lines (1.20 ± 0.02, n = 24, P = 0.50; and 1.23 ± 0.02, n = 17, P = 0.98, respectively). In blue light, the control response (1.26 ± 0.03, n = 23) is different from that of the eag RNAi line (1.12 ± 0.02, n = 19, P < 0.05) and both erg RNAi lines (1.09 ± 0.02, n = 18, P < 0.05; and 1.06 ± 0.03, n = 16, P < 0.05), but not the elk lines (1.26 ± 0.02, n = 19, P > 0.05; and 1.24 ± 0.02, n = 19, P > 0.05). The responses to orange light again do not differ. (H) The basal dark firing frequencies for control (3.39 Hz ± 0.24, n = 58), dSlo (3.35 Hz ± 0.36, n = 42), and eag-dominant negative (3.72 Hz ± 0.19, n = 47) do not differ (P > 0.05), but that of eag amorphic (eagsc29; 4.92 Hz ± 0.30, n = 25) is different from control (P < 0.05). The firing frequencies for RNAi control (3.66 Hz ± 0.20, n = 43), eag-RNAi (4.32 Hz ± 0.24, n = 39), erg RNAi-1 (3.65 Hz ± 0.26, n = 33), erg RNAi-2 (3.94 Hz ± 0.33, n = 30), elk RNAi line 1 (4.64 Hz ± 0.28, n = 41), and elk RNAi line 2 (4.37 Hz ± 0.30, n = 30) do not differ (P > 0.5 in each case.) (I) Bar graphs quantify the change in resting membrane potential during periods of blue light vs. darkness. Control (1.60 mV ± 0.21, n = 22) and dSlo (1.54 mV ± 0.21, n = 17) do not differ (P > 0.05). eag-DN, however, is different from control and dSlo (0.66 mV ± 0.12, n = 30, P < 0.05). eag amorphic (0.80 mV ± 0.43, n = 13) trended lower, but its difference does not reach significance (P > 0.05). The change in RMP for RNAi control flies is 1.94 mV ± 0.19 (n = 27). This is significantly different from eag RNAi-expressing flies (0.30 mV ± 0.20, n = 15), erg RNAi 1 flies (0.42 mV ± 0.16, n = 16), and erg RNAi 2 flies (0.07 mV ± 0.30, n = 10; P < 0.001 in each case). Elk RNAi-expressing flies lines 1 and 2 (1.71 mV ± 0.19, n = 18; and 1.83 mV ± 0.52, n = 13) do not differ from control (P = 0.978 and P = 1.00, respectively). All data values and statistics are presented in detail in Dataset S1.
produces the Hk redox cofactor NADPH, but this does not explain the light dependence for DPI blocking the electrophysiological light response herein. The available evidence indicates that CRY-mediated light evoked membrane depolarization occurs independently of conformational changes in the CRY Cterminal domain but depends on redox changes in CRY, whereas CRY-mediated light evoked circadian entrainment depends on conformational changes in the CRY C-terminal domain and may or may not depend on CRY redox state. Light-activated CRY evokes rapid membrane depolarization through the redox sensor of the Kvβ subunit Hk. A general role for circadian regulation of redox state coupled to membrane excitability has been described recently in mammalian suprachiasmatic neurons (49) . Redox modulation of circadian neural excitability may be a well-conserved feature.
Materials and Methods
Locomotor activity was recorded using TriKinetics Drosophila Activity Monitor system (9) . l-LNv recordings were performed on acutely dissected adult fly brains in whole-cell current-clamp mode (1, 2 
